Summary. The Incorporation of C02 by morulae/early blastocysts was substantial during culture in substrate-free medium but was increased significantly in medium containing lactate plus pyruvate. Carbon dioxide fixation into RNA was decreased by preculture for 48 hr before incubation in radioactive medium. When compared with freshly collected morulae/ early blastocysts, the proportion of the total label in the s-RNA fraction of precultured embryos was low, and a correspondingly greater pro¬ portion of the total label was found in the TD-RNA fraction.
At the late blastocyst stage, incorporation of label into RNA decreased on a per embryo and a per cell basis.
Most of the label from C02 was incorporated into the r-RNA fraction at all stages of development and incorporation into s-RNA was always less. The pattern of labelling of RNA with 14C02 was similar to that previously obtained for the incorporation of [3H] uridine into embryonic RNA, suggesting that most of the C02 entering the RNA pool may be incorporated into nucleotide bases. The s-RNA and r-RNA fractions were susceptible to digestion with both pancreatic ribonuclease and 0\m=.\3 m alkali. Approximately 31% of the label in the TD-RNA fraction remained after hydrolysis with ribonuclease and a similar proportion of the TD-RNA was resistant to alkali treatment.
Incorporation of C02 by morulae/early blastocysts was substantial during culture in substrate-free medium but was increased significantly in medium containing lactate plus pyruvate. Carbon dioxide fixation into RNA was decreased by preculture for 48 hr before incubation in radioactive medium. When compared with freshly collected morulae/ early blastocysts, the proportion of the total label in the s-RNA fraction of precultured embryos was low, and a correspondingly greater pro¬ portion of the total label was found in the TD-RNA fraction.
INTRODUCTION
Activation of the genome and the nature of early genetic expression has been examined in the preimplantation mouse embryo by descriptive studies of RNA synthesis. Synthesis of transfer and ribosomal RNA (t-RNA and r-RNA) has been demonstrated at the four-cell stage of development (Mintz, 1964; Woodland & Graham, 1969) . Furthermore, Knowland & Graham (1972) , in their studies of [3H] uridine incorporation into RNA, have suggested that limited synthesis of these RNA classes has commenced as early as the two-cell stage. After the initial cleavage division, mouse embryos display marked sensitivity to actinomycin D (Thomson & Biggers, 1966; Monesi et al., 1970) , indicating the presence of DNA-dependent RNA synthesis. Synthesis of all RNA classes increases until blastocyst formation (Ellem & Gwatkin, 1968; Pikó, 1970) , and most of the uridine label is incorporated into r-RNA.
Nucleic acid precursors such as uridine and thymidine are not essential requirements of media for the culture of mammalian embryos (Thomson TenBroeck, 1968) . Thus the cultured embryo relies on the utilization of endogenous reserves or exogenous carbon sources such as essential energy substrates and C02 for the synthesis of RNA. There is a significant decrease in the total RNA complement of the mouse embryo between the one-and twocell stages of development (Olds et al., 1973) (Murdoch & Wales, 1973) . Fractionation of the RNA by chromatography on methylated bovine serum albumin-coated kieselguhr (MAK; Mandell & Hershey, 1960) indicated that glucose carbon was utilized for the synthesis of s-RNA, r-RNA and RNA with a similar base composition to DNA and having high affinity for the MAK (TD-RNA). An abrupt acceleration in the incorporation of label into all classes of RNA was observed between the eight-cell and morula stages.
The suggestion that C02 may be an important carbon source during early development of the mouse embryo (Biggers et al., 1967) has been confirmed in studies of C02 incorporation into a variety of intracellular pools, including protein, nucleic acid and lipid (Wales et al., 1969; Graves & Biggers, 1970; Quinn & Wales, 1971; Murdoch & Wales, 1971) . After determination of the activities of enzymes involved in the process of C02 fixation in the embryo, Quinn deduced that the main route of entry of C02 is through condensation with pyruvate. In view of the probable importance of C02 fixation as a carbon source for the developing embryo, the incorporation of C02 in vitro into the major classes of embryonic RNA before implantation, and the effects of energy substrate and preculture on C02 accumulation have been investigated.
MATERIALS AND METHODS

General
Embryos were obtained at specific times after ovulation from random-bred, albino mice that had been stimulated to superovulate by the intraperitoneal injection of PMSG followed 48 hr later by HCG (Brinster, 1963) . The embryos at the two-cell, eight-cell, morula/early blastocyst and late blastocyst stages were flushed from the reproductive tracts approximately 36, 60, 84 and 108 hr after ovulation respectively. The flushing medium was basic culture medium consisting of a modified Krebs-Ringer bicarbonate solution supplemented with 25 mM-sodium pyruvate, 1 mg bovine serum albumin/ml, 60 µg penicillin/ml and 50 µg streptomycin sulphate/ml (Brinster, 1965) . After collection the embryos were washed through two changes of culture medium which lacked energy substrate (2 ml/wash) and then cultured for 5 hr at 37°C. Culture conditions were identical to those described by Wales et al. (1969) ; 20 µ droplets of medium (50 to 100 embryos/droplet) containing 25 mM-NaH14C03 were used under an atmosphere of 5% 14C02 in air (sp. act. 12 µ /µ ; The Radiochemical Centre, Amersham, England).
To estimate total fixation of C02, five to ten embryos were separated from the medium by centrifugation through isotonic sucrose or non-radioactive basic medium depending upon the stage of development reached (Wales & Whittingham, 1970) . These embryos were acidified with 0-1 ml of 2 n-H2S04 and placed in a closed container for 24 hr together with a strip of filter paper impregnated with 0-2 ml of 1 N-NaOH to absorb liberated CÖ2 (Wales et al., 1969 (Brown & Littna, 1964 (1962) . The MAK column was washed with 60 ml buffer to remove unbound label and the RNA eluted with a linear gradient of 0-1 to 2 M-NaCl in 0 5 M-tris-HCl buffer (pH 6-7). The full procedure of RNA extraction and MAK chromatography has been described previously (Murdoch & Wales, 1973 Experiment 4. The biochemical nature of the extracted RNA was assessed after mouse morulae/early blastocysts were cultured for 24 hr in basic medium containing NaH14C03 under an atmosphere of 14C02. After culture, the RNA was extracted from the embryos, dissolved in 2 ml of 0 5 M-NaCl in 0 5 mtris-HCl buffer (pH 6-7) and divided into two equal aliquots. One aliquot served as a control for the MAK chromatography while the other aliquot received further treatment as follows. Predigested pronase (25 mg) was added and the resultant solution incubated for 1 hr at room temperature. Alternatively, an aliquot received treatment for 18 hr at room temperature with 100 µg bovine pancreatic ribonuclease which had been preboiled in NaCl:tris-HCl buffer (pH 6-7). A further aliquot was alkali hydrolysed by adjusting the solution to 0-3 m with respect to NaOH. The sample was neutralized with HC1 after incubation at 37°C for 18 hr. The RNA in all treated samples was re-extracted by the addition of fresh mouse liver homogenate and phenol/SLS, re-pre¬ cipitated with ethanol and subjected to MAK chromatography as described above.
Determination of radioactivity
Samples were assayed by liquid scintillation techniques using Triton XI00-toluene (1:2 v/v) containing 0-4% (w/v) 2,5-diphenyloxazole and 0-01% (w/v) 1,4-bis (5-phenyloxazol-2-yl) benzene. The scintillation mixture was added in the ratio of 5 ml scintillator for each 0-4 ml aqueous sample, and a Nuclear-Chicago liquid scintillation spectrometer was used for counting. The incorporation of C02 was calculated (in pg-atoms or fg-atoms) from the radioactivity detected in the samples and the specific activity of the NaH14CO,.
Statistical analyses
The data for the incorporation of C02 were transformed to logarithms and Text- fig. 1 (Restall & Wales, 1966; David et al., 1969 ) and a bicarbonatebuffered system is essential for successful culture of the preimplantation mouse embryo (Biggers et al., 1967) . In addition to its role in pH regulation, C02 is an important carbon source for the embryo during early cleavage. The fixation of C02 is not restricted to mammalian embryos but has also been demonstrated in amphibian embryos (Cohen, 1954 (Epstein & Smith, 1973) . On this basis, a highly significant peak of incorporation into all RNA classes was found at the morula/early blastocyst stage of development, a time when total C02 incorporation/cell is decreasing rapidly. As this peak of incorporation occurs with the formation of the early blastocyst it may be correlated with the initial subcellular events leading to differentiation into the two distinct cell types, trophoblast and inner cell mass. Although uridine incorporation into r-RNA increases abruptly, when calculated per cell, between the eight-cell and morula stages (Ellem & Gwatkin, 1968) , the pattern of incorporation of uridine/cell into the various classes of RNA as found by Ellem & Gwatkin (1968) differed considerably from the pattern obtained with C02, especially at the later stages of development. The morulae and blastocysts used by Ellem & Gwatkin (1968) had been cultured from the two-cell stage and the differences in incorporation of uridine and C02 could be related to develop¬ mental changes during culture. Even under optimal conditions of culture the rate of cleavage of embryos is reduced when compared with the situation in vivo (Bowman & McLaren, 1970) , and blastocysts which are cultured from the eight-cell stage have a lower metabolic rate than fresh uterine blastocysts (Menke & McLaren, 1970) . In the present experiments the accumulation of C02 in embryonic RNA, after preculture for 48 hr, was significantly decreased. The most significant decrease was in the s-RNA fraction indicating that trans¬ lation in particular may be hindered by a decreased synthesis of t-RNA.
Structural alterations and subcellular localization of t-RNA molecules may be involved in regulation of cell differentiation (de Vellis, 1970) and any change in t-RNA metabolism could have a significant effect on the rate of maturation of embryos. Graves & Biggers (1970) have reported that 10% of the total fixed carbon is extracted with RNA at all stages of development subsequent to the second cleavage division. In the present study, proportions of the same order were found at the morula and late blastocyst stages but were considerably lower at the eight-cell stage (approximately 2%). The less specific sequential separa¬ tion employed in the earlier study could account for these differences and presumably labelled RNA precursors would have been included in the estimates of Graves & Biggers (1970) . With the phenol extraction used here, some of the label extracted as RNA fails to bind to the MAK column, suggesting the presence of components other than the major RNA classes.
Synthesis of RNA by early developing embryos has been used widely as a model for the study of control of eukaryote differentiation. Echinoderm and amphibian embryos synthesize little new RNA prior to gastrulation (Wilt, 1963 (Wilt, , 1964 Gross & Cousineau, 1964) , and protein synthesis during early stages is apparently directed by m-RNA preformed in the unfertilized egg (Tyler & Tyler, 1970) . Fertilization is thought to involve activation of this 'masked' messenger-RNA (mm-RNA). Although net synthesis of RNA and associated rapid protein synthesis have not been found until blastulation in the rabbit (Manes, 1969) , RNA turnover and concomitant salvage synthesis may play a significant role and net synthesis of RNA may not be necessary for continued development. Newly synthesized m-RNA associated with polyribosomes has been detected as early as the sixteen-cell stage in the rabbit embryo (Schultz, 1972) . Furthermore, cleavage of the rabbit embryo, which is accomplished without synthesis of r-RNA (Manes, 1971) , may be arrested immediately by actinomycin D and more slowly by -amanitin, an inhibitor of RNA polymerase II (Manes, 1973) , suggesting that transcription is an import¬ ant early event in this species. Very limited RNA synthesis occurs before the eight-cell stage in the mouse embryo (Knowland & Graham, 1972) , but actinomycin D sensitivity has again been demonstrated at certain stages of the cell cycle (Molinaro et al., 1972) . The sensitivity of sea urchin and amphibian embryos to actinomycin D contrasts with that of rabbit and mouse embryos (Thomson & Biggers, 1966; Monesi et al., 1970) (Olds et al., 1973) . Thus a large proportion of early protein synthesis in both the rabbit and mouse embryo may be directed bymm-RNA. Furthermore, Bernstein & Mukherjee (1972) (Epstein & Daentl, 1971; Murdoch & Wales, 1973 (Ellem & Gwatkin, 1968; Pikó, 1970; Murdoch & Wales, 1973 Wales, unpublished) .
The sensitivity of the s-RNA and r-RNA classes labelled with 14C02 to pancreatic ribonuclease and alkaline digestion and their resistance to pronase indicates that these fractions are relatively free from contaminants. After 18 hr digestion with alkali at 37°C, approximately 30% of the labelled TD-RNA remained unhydrolysed while another 30% of this material was ribonucleaseresistant. The latter result is not surprising in view of the presence of labile, heterogeneous nuclear RNA and m-RNA in this fraction (Ellem, 1966; Pikó, 1970) . RNA with these characteristics displays considerable resistance to ribonuclease digestion (Gorski & Nicolette, 1963) due to its content of long polyadenylic acid sequences (100 to 200 nucleotides) (Darnell et al., 1971; Edmonds et al., 1971) .
Although the mouse embryo requires an appropriate energy source for early development in vitro (Whitten, 1957; Brinster, 1965) , a proportion of eight-celled embryos will develop in medium totally lacking energy substrate (Brinster & Thomson, 1966 ; Wales & Whittingham, 1973) , and a large proportion of morulae will also develop into blastocysts during culture in substrate-free medium. The present study shows that, at the morula/early blastocyst stage, the fixation of C02 was substantial in medium lacking energy substrate and the total incorporation of label was not elevated by the addition of glucose or pyruvate.
In the absence of substrate, morulae/early blastocysts are able to mobilize glycogen stores (Pike & Wales, 1975) 
